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Abstract – We report on the physical properties of single crystalline EuRhSi3 and polycrystalline
EuIrSi3, inferred from magnetisation, electrical transport, heat capacity and
151Eu Mo¨ssbauer
spectroscopy. These previously known compounds crystallise in the tetragonal BaNiSn3-type
structure. The single crystal magnetisation in EuRhSi3 has a strongly anisotropic behaviour at
2 K with a spin-flop field of 13 T, and we present a model of these magnetic properties which allows
the exchange constants to be determined. In both compounds, specific heat shows the presence of a
cascade of two close transitions near 50 K, and the 151Eu Mo¨ssbauer spectra demonstrate that the
intermediate phase has an incommensurate amplitude modulated structure. We find anomalously
large values, with respect to other members of the series, for the RKKY Ne´el temperature, for the
spin-flop field (13 T), for the spin-wave gap (' 20-25 K) inferred from both resistivity and specific
heat data, for the spin-disorder resistivity in EuRhSi3 (' 35µOhm.cm) and for the saturated
hyperfine field (52 T). We show that all these quantities depend on the electronic density of states
at the Fermi level, implying that the latter must be strongly enhanced in these two materials.
EuIrSi3 exhibits a giant magnetoresistance ratio, with values exceeding 600% at 2 K in a field of
14 T.
Introduction. – Divalent-Eu intermetallic com-
pounds order magnetically due to the indirect RKKY ex-
change interaction [1] between the Eu 4f-spins. Several
Eu-based compounds with composition EuTX3, where T
is a d-transition element and X = Si or Ge, crystalliz-
ing in the non-centrosymmetric BaNiSn3-type structure
are known. Of these, the magnetic properties of EuPtSi3
[2], EuPtGe3 [3], EuPdGe3 [4] and EuNiGe3 [5, 6] have
recently been reported in the literature in single crystal
samples. In these materials, an anisotropic behaviour of
the 2 K magnetisation seems to be the prerequisite for the
existence of a cascade of close transitions, around 15 K: a
transition from the paramagnetic to an incommensurate,
moment modulated antiferromagnetic (AF) state occurs
first, followed by another one to a single moment regular
AF state, a few K below. This is the case for EuPtSi3 and
EuNiGe3, whereas EuPtGe3 shows a unique transition and
an isotropic behaviour of the magnetisation.
Here, we report on the magnetic properties of iso-
structural EuTSi3 (T=Rh and Ir) compounds, with a sin-
gle crystal sample for EuRhSi3 only. An early Mo¨ssbauer
spectroscopy study of these two compounds was performed
in Ref. [7]. We show that these two materials belong
to the “transition cascade” type, with an anisotropic be-
haviour of the magnetisation documented for EuRhSi3.
We present in addition specific heat, transport and 151Eu
Mo¨ssbauer spectroscopy data. We find that the magnetic
and transport properties in these two materials are no-
tably enhanced with respect to those in other members of
the series, and we show that this enhancement can be at-
tributed to an unusually large density of conduction elec-
tron states at the Fermi level n(EF ). As a remarkable
result, the values of the spin-wave gap derived from such
different techniques as resistivity, specific heat and sin-
gle crystal magnetisation measurements are in good agree-
ment.
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Experimental. – Polycrystalline samples of EuIrSi3
and EuRhSi3 were prepared by melting Eu (99.9% pu-
rity), Ir/Rh (99.99%) and Si (99.999%) in an arc fur-
nace under an inert argon atmosphere. Single crystal
growth of the two Eu compounds was tried using Sn and
In as flux and following the same protocol as reported in
Refs. [2, 3]. Powder-diffraction spectra were recorded on
a Phillips Pan-analytical set up using Cu-Kα radiation.
The magnetisation as a function of field (up to 16 T) and
temperature (1.8 to 300 K) was measured using Quantum
Design MPMS and VSM magnetometers. The electrical
resistivity between 1.8 and 300 K in zero and applied fields,
and the heat capacity were measured in a Quantum Design
PPMS set-up. 151Eu Mo¨ssbauer spectra were recorded at
various temperatures using a commercial 151SmF3 source
mounted on a constant acceleration spectrometer.
Results and Discussion. –
Structure. Our attempt to grow single crystals suc-
ceeded only for EuRhSi3, with In as flux. Powder diffrac-
tion spectra of EuIrSi3 and EuRhSi3 could be indexed
on the basis of the BaNiSn3 type structure (space group
I4mm). The lattice parameters obtained by the Rietveld
analysis of the powder diffraction spectra are in good
agreement with the previously reported values [7].
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Fig. 1: Magnetic susceptibility χ(T ) of single crystalline
EuRhSi3 with a field of 0.1 T along [001] and [100]. The slight
increase of χ below 8 K is due to some parasitic phase, though
no unidentified line appears in the x-ray diffraction spectrum.
Inset: close-up of χ(T ) for EuRhSi3 with H ‖ [100] and for
polycrystalline EuIrSi3.
Susceptibility and isothermal magnetisation. The sus-
ceptibility of EuRhSi3 measured in a field of 0.1 T applied
along [001] and [100] is shown below 60 K in Fig.1. It
is strongly anisotropic and a clear peak near 49 K shows
the onset of the AF phase. The close-up in the inset of
Fig.1 shows that this peak is split (arrows). In agreement
with the heat capacity and 151Eu Mo¨ssbauer data (vide
infra), these two peaks correspond to closely spaced mag-
netic transitions near 48 and 46 K. The susceptibility at
high temperature (not shown) is nearly isotropic and a fit
of the 1/χ data to a Curie-Weiss law furnishes effective
moments µeff=7.39 and 7.52µB and paramagnetic Curie
temperature θp = −11 and −14 K for H along [001] and
[100] respectively. These effective moments are lower than
the free ion value of 7.94µB expected for Eu
2+ (g = 2,
S = 7/2), which is due either to the presence of residual
In-flux or to a slight Eu off-stoichiometry, corresponding
to about 10 at.% Eu deficit. As to polycrystalline EuIrSi3,
its susceptibility is shown between 30 and 60 K in the inset
of Fig.1: two anomalies (arrows) are also present, near 52
and 43 K, witnessing the same phenomenon as in EuRhSi3.
The θp value is −17 K, while µeff=7.7µB is closer to the
Eu2+free ion value.
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Fig. 2: (a) Isothermal magnetisation M(H) of EuRhSi3 at 2 K
along major crystallographic directions. Inset: M(H) curves
at higher temperatures. (b) Simulation of the M(H) curves in
EuRhSi3 according to the model described in the text. The
calculated values are 10% higher than the data due to the as-
sumed Eu mass deficit in the single crystal sample.
The Ne´el temperature in intermetallic compounds is the
result of the indirect RKKY exchange between 4f spins
S mediated by the 4f -conduction electron coupling with
constant Jkf :
Hkf = −Jkf s.S, (1)
where s is the conduction electron spin density, and it has
the form: TN ∝ J2kf n(EF ) S(S+ 1) [1]. Its value in these
materials, near 50 K, is much larger than in other members
of the series (' 15 K), pointing to an enhanced value of
n(EF ).
The isothermal magnetisation versus field scan at 2 K
in EuRhSi3, shown in Fig.2(a), is a textbook example
of an antiferromagnet with the tetragonal [001] c-axis as
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the easy axis of magnetisation and the (001) ab-plane as
the hard plane, in line with the susceptibility data of
Fig.1. For H ‖ [001], an unusually large spin-flop field of
13 T is observed. A linear extension of the magnetisation
curves for both field directions up to a saturation moment
value m0= 7µB yields large spin-flip fields H
c
sf '28 T and
Hasf '41 T. The latter is larger since the field aligns the
moments in the hard magnetic plane. In the standard
molecular field theory [8], one has: Hcsf=2(He−Ha) and
Hasf=2(He+Ha), where He and Ha are respectively the ex-
change and the “anisotropy” field, the latter being defined
as Ha = K/m0 where K is the anisotropy energy density.
Then we obtain He=17 T and Ha=3.35 T, and the critical
spin-flop field Hcr = 2
√
Ha(He −Ha) = 13.5 T, in very
good agreement with experiment. The spin-flop field in
EuRhSi3 is much larger than in EuNiGe3 [6] (2-3 T), a
logical consequence of a large He linked to the high TN
value.
In the inset of Fig.2(a) are plotted the magnetisation
curves along the easy axis at higher temperature. On
heating, the spin-flop field decreases and the jump at the
spin-flop broadens.
Modeling. However, such a simple model as described
above cannot account for the quite different values of TN
and |θp|, and the oscillatory nature of the RKKY exchange
compels one to introduce at least two different exchange
integrals. Therefore, we use a numerical self-consistent
calculation which has been described thoroughly in Ref.
[6]: i) the infinite range dipolar interaction is added, ii)
two exchange integrals J1 (intra-plane first neighbor) and
J2 (interplane first neighbor) for the centered tetragonal
structure are considered, as well as exchange anisotropy,
and iii) the single ion crystalline anisotropy is described
by a term DS2z , where Oz=c. We also assume a magnetic
structure made of ferromagnetic (ab) planes (J1 > 0) cou-
pled antiferromagnetically along c (J2 < 0), i.e. a prop-
agation vector k=[001]. To obtain a first estimation of
the exchange constants, the molecular field equations link-
ing TN and θp with Ja and Jc are used [5, 6], yielding:
Ja=1.1 K and Jc = −0.88 K. We have taken TN=60 K (see
the section about Mo¨ssbauer spectroscopy) and a mean
value θp = −13 K. Figure 2(b) shows the curves which
reproduce best the experimental data, with a small ex-
change anisotropy: J
‖
a=0.8 K, J⊥a =1.1 K, J
‖
c = −0.7 K,
J⊥c = −0.9 K and a crystalline anisotropy parameter
D = −0.85 K. The model yields TN=57 K and θp=−6 and
−17 K for H ‖ [001] and H ‖ [100] respectively (experi-
mental values −11 and −14 K resp.). At 30 K and above,
the model cannot exactly reproduce the smoothing of the
spin-flop transition (see inset of Fig.2(b)).
Electrical resistivity. The electrical resistivity of
EuIrSi3 and EuRhSi3 (and of non-magnetic LaIrSi3) is
shown in Figs.3(a) and (b). Above TN it varies almost
linearly up to 300 K in both compounds due to phonon
scattering. It shows a small upturn at the magnetic transi-
tions, likely caused by antiferromagnetic fluctuations just
above TN1 and decreases rapidly on cooling due to a strong
depletion in the spin-disorder scattering in the magneti-
cally ordered state. One striking feature is that the resis-
tivity of polycrystalline EuIrSi3 is one order of magnitude
larger than that of single crystal EuRhSi3. We reckon that
this is probably due to strong grain boundary scattering
which enhances the resistivity of the polycrystalline sam-
ple. The residual resistivity ρ0 = ρ(2K) is lower than
10µOhm.cm in both materials (see Table 1), indicating
they are chemically well ordered.
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Fig. 3: (a) Electrical resistivity as a function of temperature
ρ(T ) of EuIrSi3 in zero field and in a 14 T field. (b) ρ(T ) data
of EuRhSi3 when current density J ‖ [100] and [001]. The
insets show the low temperature data together with their fit to
Eq.(3).
The total spin disorder resistivity ρm, estimated as
ρ(TN) − ρ0, amounts to about 35µOhm.cm in EuRhSi3
while it is of the order of a few µOhm.cm in the other com-
pounds of the series [2,3,6]. Since ρm ∝ J2kf n(EF ) S(S+
1) [1], its enhanced value in EuRhSi3 is in line with a
stronger n(EF ).
In the AF phase below 20 K, magnon scattering is the
dominant mechanism for resistivity. With an antiferro-
magnetic spin wave dispersion relation:
E(k) =
√
∆2 + σk2 (2)
where ∆ is the anisotropy gap and σ the spin-wave stiff-
ness, the electrical resistivity in zero field for T < ∆ is
given by [9]:
ρ(T ) = ρ0 + A∆
2
(
T
∆
)1/2
e−∆/T (3)
×
[
1 + 2/3
(
T
∆
)
+ 2/15
(
T
∆
)2]
,
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Table 1: Parameters obtained after fitting Eq.(3) to the zero
field resistivity data of EuRhSi3 with J ‖ [001], and of EuIrSi3.
ρ0(µΩ cm) A(µΩ cm/K
2) ∆(K)
EuRhSi3 5.1 0.04 23.3
EuIrSi3 5.27 0.43 25.2
where A a material dependent constant. Equation (3)
provides a good fit to the zero field data in both com-
pounds between 1.8 and 15 K (and also for a 14 T field), as
shown by the solid lines in the insets of Fig.3. In EuIrSi3,
the zero field spin wave gap is 25.2 K and it is 23.5 K in
EuRhSi3. The AF spin wave gap is linked to the exchange
and anisotropy fields He and Ha by the relation [10]:
∆ = 2gµB
√
Ha (Ha + He). (4)
Using the values determined above in EuRhSi3: He=17 T,
Ha=3.35 T and g=2, one obtains ∆ = 22.1 K, in excellent
agreement with experiment in this material and close to
the value in EuIrSi3.
At a field of 14 T, ρ0 increases to 35.9µΩcm in EuIrSi3
and to 9µΩcm in EuRhSi3 for H ‖ [100] and J ‖ [001].
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Fig. 4: Magnetoresistance (MR) of EuIrSi3 at different tem-
peratures. (b) MR of EuRhSi3 for H ‖ [100] and H ‖ [001]
with J ‖ [100] in both the cases.
The significant increase of ρ0 with field corresponds
to a positive magnetoresistance ratio MR, defined as
MR = [ρ(H)− ρ(H = 0)]/ρ(H = 0), as expected for anti-
ferromagnets [11,12]. The plots of MR at selected temper-
atures in EuIrSi3 are shown in Fig.4(a). It reaches giant
values: at 14 T, it exceeds 100% at 10 K and it reaches
600% at 2 K. At higher temperatures (not shown), MR
decreases and becomes negative near 47 K, shows an ab-
solute minimum near 50 K and has a small residual value
of −3% at 200 K, far above TN1. In EuRhSi3, the MR
is lower, as shown in Fig.4(b) at 2 K for J ‖ [100] and
H ‖ [001] and [100]. A small positive jump in the MR
occurs for H ‖ [001] at the spin-flop field (13 T), although
the MR is expected to drop to a small (positive) value
above the spin-flop field, according to the molecular field
calculation in Ref. [11].
Heat capacity. The main panels of Fig.5 show the heat
capacity of EuIrSi3 and EuRhSi3 together with that of the
non-magnetic La-reference. The two plots show two major
peaks at 51.8 and 43.1 K in EuIrSi3 and at 48.3 and 45.8 K
in EuRhSi3 in close correspondence with the anomalies
seen in the susceptibility data, thus confirming the occur-
rence of two magnetic transitions in these two compounds.
The jump in the heat capacity at the higher transition
temperature TN1 is approximately 9.5 and 12 J/mol.K in
the Ir and Rh-compound, respectively, which is lower than
the value δC7/2=20.14 J/mol.K for an equal moment anti-
ferromagnetic transition for S=7/2 ions in the mean field
model, and closer to that predicted for an amplitude mod-
ulated structure (2/3 δC7/2) [2,13]. This suggests that at
TN1 occurs a transition to a modulated moment structure.
The transition from this intermediate structure to an equal
moment structure takes place at TN2. This behaviour is
confirmed by the 151Eu Mo¨sbauer spectra recorded at few
selected temperatures.
Deep in the AF phase, the specific heat should be the
sum of 3 terms [14]:
C(T ) = γT + βT 3 +B∆4
(
T
∆
)1/2
e−∆/T (5)
×
[
1 + 39/20
(
T
∆
)
+ 51/32
(
T
∆
)2]
,
where the first linear term is the conduction electron heat
capacity, the second is the phonon contribution and the
third the magnon heat capacity corresponding to a dis-
persion law given by Eq.(2) with a gap ∆. Equation (5)
provides a good fit of the data between 1.8 and 10 K,
shown by the solid line in the insets of Figs.5(a) and
(b). For EuIrSi3, the best fit estimates of γ and ∆ are
30.5 mJ/mol.K2 and 22.9 K respectively. The gap value
is very close to that inferred from the resistivity data
(25.2 K), which lends credibility to our analysis. In the
case of EuRhSi3, one obtains: γ= 40.3 mJ/mol.K
2 and
∆=17.6 K, the latter value somewhat lower than the re-
sistivity derived value (23.3 K). It may be noted that the
Sommerfeld coefficient γ is an order of magnitude larger
than in sp-metals, and even larger than in many d-metal
alloys. The Sommerfeld coefficient is expressed as [10]:
γ = 23pi
2k2B n(EF ), and its large value must be related to
an enhanced n(EF ).
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Fig. 5: (a) Variation of heat capacity with temperature C(T )
of EuIrSi3 and of its non magnetic analogue LaIrSi3. The
solid green line represents the calculated entropy S4f (T ). Inset
shows the fitted Eq.(5) to the the low temperature data (b)
C(T ) of EuRhSi3 and LaRhSi3 with a similar legend as for the
upper panel.
The entropy S4f associated with the magnetic ordering
was estimated by integrating C4f/T , where C4f was ob-
tained by subtraction from C(T ) of both the normalized
heat capacity of LaTSi3, taking into account the slight dif-
ference in the atomic masses of Eu and La, and the large
conduction electron contribution γT . It is seen that S4f
attains the expected value of R ln 8 (for S = 7/2 Eu2+
ions) close to TN1 in both compounds.
151Eu Mo¨ssbauer spectra. The Mo¨ssbauer spectra on
the isotope 151Eu in EuIrSi3 are shown in Fig.6 in the two
temperature ranges defined as phase I (T <43.1 K) and
phase II (43.1 K < T < 51.8 K). Spectra in EuRhSi3 are
similar. The spectrum at 4.2 K is a standard hyperfine
field pattern characteristic of Eu2+ (S=7/2, L=0), with
an isomer shift relative to EuF3 of −7.92(5) mm/s which
matches well with the value reported in Ref. [7]. This
spectrum presents the peculiarity of a very high hyperfine
field Hhf (4.2 K) = 52.6(3) T (51.6 T in EuRhSi3). This
high value can be explained by the large n(EF ) prevail-
ing in these materials. Indeed, in magnetically ordered
intermetallic materials with the L=0 ion Eu2+, the hy-
perfine field is solely due to the spin polarisation of the
s-type electrons at the nucleus site. It can be expressed
as [15]: Hhf (T ) = A m(T ) + Hce, where the first term is
the core polarisation field proportional to the Eu2+ mo-
ment m(T ) = −gµB〈S〉T and worth ' 34 T at satura-
tion [16]. The second term Hce is due to the conduction
electron spin polarisation 〈s〉T induced by the 4f shell
through Jkf exchange and is given approximately by [15]:
Hce ' Ace µB 〈s〉T , where Ace is a hyperfine constant.
Acording to Eqn.(1), the effective field on s is:
JkfS
gµB
, and
introducing the Pauli susceptibility: χP = 2 µ
2
B n(eF ),
one obtains:
Hce ' Ace Jkfn(EF ) m(T ). (6)
In most Eu2+ intermetallic materials and in the other
members of the series, the saturated hyperfine field
amounts to about 30 T, i.e. Hce is negative and worth
a few T. In EuIrSi3 and EuRhSi3, due to the enhanced
n(EF ) value, Hce is much larger ('18 T) and happens
to be positive. The same situation holds in EuFe4P12,
which presents the largest hyperfine field ever measured
with 151Eu (67 T), implying Hce '33 T [17].
Fig. 6: 151Eu Mo¨ssbauer spectra in EuIrSi3 at selected tem-
peratures: in the commensurate phase (4.2 and 40 K), and in
the incommensurate phase (45 and 52 K). The spectrum at
52 K is typical of the “coexistence” region, with a contribu-
tion from the paramagnetic phase of some part of the sample
(red subspectrum) occurring in case of a first order transition.
The green subspectrum represents an impurity phase contain-
ing Eu3+ (relative intensity 2%).
Whereas the spectra in phase I (below 43 K) show the
presence of a unique hyperfine field, and hence of a unique
Eu2+ magnetic moment, there occurs a sudden change of
the spectral shape above 43 K, i.e. when entering phase
II, where the spectra can be fitted to an incommensurate
modulation of hyperfine fields [18]. The latter is well de-
scribed by the first 3 odd harmonics of a Fourier series:
Hhf (kx) = h1 sin(kx) + h3 sin(3kx) + h5 sin(5kx) (7)
where k is the propagation vector of the modulation and
x the distance along k. The three coefficients h1, h3 and
h5 were fitted to the spectral shape at each temperature
to obtain the modulation profiles shown in Fig.7. The
p-5
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modulation becomes more “squared” as temperature de-
creases and approaches the transition to the incommensu-
rate phase.
Fig. 7: Hyperfine field modulation over a period in EuIrSi3 in
the incommensurate modulated phase II at selected tempera-
tures.
Fig. 8: In EuIrSi3, thermal variation of the hyperfine field in
Phase I (black dots) and of the maximum of the hyperfine field
modulation in Phase II (blue disks). The dashed line is the
S=7/2 mean field law with TN=60 K, extrapolated in phase II
above 43 K (in red).
The thermal variation of the hyperfine field is plotted
in Fig.8. In phase I, the hyperfine field values approxi-
mately follow a mean field law for S=7/2, in line with its
proportionality to the Eu2+ moment derived above. The
transition temperature of this mean field law (60 K) does
not correspond to the actual Ne´el temperature because
of the presence of the commensurate - incommensurate
transition at 43.1 K and of the first-order character of the
transition to the paramagnetic phase at 51.8 K (see spec-
trum at 52 K in Fig.6).
Conclusion. – .
The whole set of our thermodynamic and spectro-
scopic measurements in the two divalent Eu intermetallics
EuIrSi3 and EuRhSi3 can be coherently and qualitatively
interpreted by assuming a high density of electronic band
states at the Fermi energy, which sets them apart from
the other members of the EuTX3 family. We attribute the
observed enhanced values to a large n(EF ) rather than to
an anomalously large 4f -conduction electron coupling Jkf
since the Sommerfeld coefficient does not involve Jkf and
there is a priori no reason for the stable Eu2+ 4f shell
to be prone to strong hybridisation with the conduction
band. The two compounds present a cascade of magnetic
transitions near 50 K, from a paramagnetic to an incom-
mensurate modulated, then to a commensurate antiferro-
magnetic phase. In the EuRhSi3 single crystal sample, we
could evidence an important anisotropy of the magnetisa-
tion, confirming the link between these two phenomena.
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